The cholesterol-dependent cytolysins (CDCs) are a family of bacterial toxins that are important virulence factors for a number of pathogenic Gram-positive bacterial species. CDCs are secreted as soluble, stable monomeric proteins that bind specifically to cholesterol-rich cell membranes, where they assemble into well-defined ring-shaped complexes of around 40 monomers. The complex then undergoes a concerted structural change, driving a large pore through the membrane, potentially lysing the target cell. Understanding the details of this process as the protein transitions from a discrete monomer to a complex, membranespanning protein machine is an ongoing challenge. While many of the details have been revealed, there are still questions that remain unanswered. In this review, we present an overview of some of the key features of the structure and function of the CDCs, including the structure of the secreted monomers, the process of interaction with target membranes, and the transition from bound monomers to complete pores. Future directions in CDC research and the potential of CDCs as research tools will also be discussed.
Introduction
Bacteria secrete a wide variety of peptides and proteins into their environment to carry out a broad range of functions, ranging from the scavenging of precious metabolic precursors to defensive actions against potential competitors and predators. The makeup of this milieu of bacterial molecules, termed the secretome, varies from species to species and with external stimuli, assisting with bacterial adaptation to particular environments (Tommassen and Arenas 2017) . Bacterial proteins evolved in response to a specific pressure (for example, as defensive weapons against predation by eukaryotic singlecell organisms) can be seconded into other uses during opportunistic infection of animals. An important class of these bacterial proteins, which act as virulence factors and toxins in human disease, are the pore-forming toxins (PFTs) that have evolved to convert from inactive soluble monomers to complex protein machines in the presence of a target cell membrane.
PFTs are categorised into two groups based on the structure of the pore; the α-PFTs, where the pore consists of helical hairpins, and the β-PFTs, where extended β-strands line the pore (Gouaux 1997) . Many of the α-PFTs, while highly diverse structurally, retain a common motif of a pair of buried hydrophobic helices which become exposed on interaction with a membrane surface in what is called the 'umbrella' model (Parker et al. 1990 ). In this model, the protective outer helices spread on to the membrane, allowing the concealed helices to insert into the lipid bilayer. Originally identified from the structure of colicin (Parker et al. 1989) , this motif was subsequently found in key virulence factors including diphtheria toxin (Choe et al. 1992) , delta endotoxin (Li et al. 1991) and cytolysin A (Mueller et al. 2009 ). As with the α- PFTs, the β-PFTs are structurally diverse but have the common feature of a pore formed from β-hairpins. The first β-PFT for which a structure was determined was aerolysin (Parker et al. 1994) , which was the forerunner for studies of several subsequent β-PFTs of medical and technological importance including Staphylococcus α-toxin (Song et al. 1996) , anthrax toxin (Petosa et al. 1997 ) and gasdermin (Ruan et al. 2018) . While all these proteins form pores from assembled β-hairpins, the different numbers of hairpins and the structural divergence of the proteins imply that each β-pore evolved independently (Reboul et al. 2016) and has required separate studies of each system to understand the mechanistic differences in pore formation.
A widespread family of β-PFTs are the cholesteroldependent cytolysins (CDCs) which are found in multiple genera of Gram-positive bacteria including Bacillus, Streptococcus, Clostridium and Listeria. The CDCs act as virulence factors and toxins in human diseases including food poisoning, gangrene and pneumonia. Uniquely for β-PFTs, pore formation by the CDCs is strictly dependent on the presence of high levels of cholesterol in target cellular membranes. They are secreted as soluble, stable monomers which bind to cholesterol-rich membranes where they oligomerise into higher-order complexes, including large (30+ monomers) rings. These pre-pore rings undergo a major conformational change which unfurls shielded helical segments to form membrane-spanning β-hairpins, puncturing the target to produce very large (250 Å or more) pores (Fig. 1) . The study of CDC structure and pore-forming mechanism has established the basis to understanding how a wide variety of pore-forming proteins function, which include the membrane attack complex/perforin (MACPF) family of proteins (Hadders et al. 2007; Rosado et al. 2007; Slade et al. 2008; Leung et al. 2017) , as well as a toxin family found in the venom of the stonefish family of venomous fish (Ellisdon et al. 2015) . It is likely that these proteins are ancient relatives of the CDC family of toxins that comprise a superfamily of the CDC/ MACPF proteins.
Monomer structure
The first structure of a CDC, that for the clostridial toxin perfringolysin O (PFO), had a major impact in understanding how the β-PFTs interact with and penetrate cellular membranes (Rossjohn et al. 1997) . The structure revealed an elongated (115 Å × 30 Å × 55 Å), four-domain protein (Fig. 2) . Three of the four domains are discontinuous, with only the C terminal domain 4 (D4), a compact β-sandwich, being a discrete section of the protein primary structure. Domain 1 (D1) is primarily a seven-stranded β-sheet structure, with peripheral α-helices. Domain 2 (D2), a set of long β-strands, links the rest of the protein with D4. Domain 3 (D3) is an α/ β/α-layered bundle sitting between D1 and D4. Correlating PFO's structure with its pore-forming ability required significant further experimental work, as initial inspection of the structure gave only tantalising hints into how the protein punched holes in membranes. Extensive mutagenesis and functional analysis revealed that D4 contains the target identification activity, recognising cholesterol-rich membranes through the combination of a membrane-sensing 11 residue loop (the 'undecapeptide' or UDP) and a two-residue cholesterol recognition motif (CRM) (Farrand et al. 2010) . It was also discovered that D3 is the pore-forming warhead and carries the trans-membrane β-hairpins (TMH1 and TMH2) folded away as helical segments in the soluble protein (Shepard et al. 1998; Shatursky et al. 1999) . D1 and D2 provide the scaffold to tie target recognition and the toxin warhead together. In the wider context of the CDC-related MACPF proteins, it is becoming accepted practice to refer to the D1 + D3 unit as a single 'MACPF/CDC domain' (Rosado et al. 2007) ; however, the four domain nomenclature remains prevalent in studies of the CDCs themselves.
Several other CDC structures have now been determined, including the structures of intermedilysin (Polekhina et al. 2005; Lawrence et al. 2016) , anthrolysin O (Bourdeau et al. 2009 ), suilysin (Xu et al. 2010) , streptolysin O (Feil et al. 2014) , listeriolysin O (Koster et al. 2014) , pneumolysin (Lawrence et al. 2015; Marshall et al. 2015; Park et al. 2016) , and vaginolysin (Lawrence et al. 2016) (Table 1 ). The structural features of the CDCs are highly conserved, which is reflected in sequence identities of around 40% across the family. There are key sequence motifs characteristic of the CDCs, including the D4 UDP and strictly conserved cholesterol recognition motifs ( Fig. 2) (Dowd et al. 2012; Hotze et al. 2013) . Other highly conserved regions of the CDC sequence are present in D1-3: a strictly conserved diglycine, the trans-membrane hairpins (TMH1 and TMH2) and some short regions of unknown function (Hotze et al. 2013) (Table 2) .
Cholesterol recognition and binding by cholesterol-dependent cytolysins
The distinguishing feature of all CDC family members is recognition of cholesterol via the C-terminal D4. Despite previous expectation that the UDP was responsible for cholesterol recognition due to its high conservation among CDC members, it was found that recognition occurs via two amino acid residues in loop L1 of D4: a ThrLeu pair (T490 and L491 in PFO) (Farrand et al. 2010) . Referred to as the cholesterol recognition motif (CRM), the residue pair is conserved throughout all reported CDCs, and studies reveal mutations to either residue significantly affect the ability of the CDC to bind both cell and model membranes (Farrand et al. 2010; Park et al. 2016 ). Recognition of cholesterol by the CRM results in membrane insertion of loops L2, L3 and the UDP, providing anchorage of the CDC monomer to the membrane during subsequent pore-formation events. In addition to stabilising the monomer-lipid interaction, the role of the UDP is proposed to be involvement in the pre-pore to pore transition and coupling the initiation of pre-pore assembly to the occurrence of membrane binding (Soltani et al. 2007b; Dowd et al. 2012) . The importance of the UDP was highlighted by mutagenesis of UDP residue R468 completely eliminating the pore-forming activity of PFO, with membrane binding by the CDC also diminished (Dowd et al. 2012) .
Currently, there are no available structures of a CDCcholesterol complex, with much of the information regarding cholesterol interaction established from either site-directed mutagenesis or studies investigating binding with various structurally distinct sterols (Ramachandran et al. 2004; Bavdek et al. 2007; Farrand et al. 2015; Savinov and Heuck 2017) . Studies based on the latter method established two structural features of cholesterol that are critical for CDC binding: the β-hydroxyl group on ring A, and flexibility of the acyl chain around C20-C22, hypothesised to be necessary to allow the cholesterol molecule to fit into the D4 binding site (Bavdek et al. 2007; Nelson et al. 2008; Savinov and Heuck 2017) .
More recently, 19 F-NMR spectroscopy was employed to probe the interaction of LLO with cholesterol (Kozorog et al. 2018) . Several tryptophan residues, primarily located in D4, displayed significant 19 F-NMR chemical shifts upon CDC binding to cholesterol-rich membranes. These chemical shift changes were not present on mixing LLO with cholesterol in solution, indicating that the lipid environment is critical in forming the appropriate interactions. Analysis of the NMR results suggested different roles for the tryptophan residues in D4, with residue W512, located in L1 near the CRM, involved in membrane binding, while W189 (in D1) and W489 were instead important for oligomerisation.
Effect of the lipid environment on cholesterol binding
It is well established that a membrane must have a relatively high level of cholesterol (> 30 mol%) to allow binding and lysis by CDCs (Ohno-Iwashita et al. 1992; Bavdek et al. 2007; Johnson et al. 2012 ). More recently, Fig. 1 CDCs are secreted as soluble monomers (a), which bind to cholesterol on the surface of target cell membranes and oligomerise to form an early prepore structure (b). This involves slight insertion of the undecapeptide (UDP) loops in D4 into the lipid bilayer. CDC molecules in the early pre-pore undergo a 40 Å vertical collapse in D2, following disruption of the D3 interface (c). Full membrane insertion requires each monomer to contribute two TMH regions, which unfurl and insert in the membrane as β-hairpins (d). These β-hairpins form the β-barrel pore, which is typically about 300 Å in diameter and consists of between 30 and 50 individual monomers (e). All figures generated in Pymol (Schrodinger 2015) . a, b Generated in Pymol using PDB: 5AOD. c is a model generated from PDB: 5AOD and PDB: 5LY6. d, c Generated using PDB 5LY6, the fitted model for the cryo-EM structure of the PLY pore complex investigation into the effect of membrane composition on binding has revealed that the minimum amount of cholesterol required is dependent on the lipid composition of the membrane (Nelson et al. 2008; Flanagan et al. 2009 ). For example, phospholipids which pack against cholesterol in a tight manner, possessing large hydrophilic head groups, decrease binding in comparison to phospholipids with smaller head groups and looser packing (Nelson et al. 2008) . It has also been suggested that the lipid environment may allow different CDCs to exhibit individual degrees of binding specificity for cholesterol (Farrand et al. 2015) . This likely occurs via the structure of L3, which provides the CDC with a cellular-specific targeting mechanism via discriminating between lipid environments surrounding the cholesterol to which the CDC can bind (Farrand et al. 2015) .
CD59-responsive cholesterol-dependent cytolysins
At present, three CDCs are known to possess the ability to bind the GPI-anchored membrane protein CD59 as a receptor: intermedilysin (ILY), lectinolysin (LLY) and vaginolysin (VLY) (Giddings et al. 2004; Gelber et al. 2008; Wickham et al. 2011) . Present on the surface of human cells, CD59 inhibits the membrane attack complex of complement through binding the complement components C8α and C9. Remarkably, ILY binding to CD59 is dependent on nearly the same residues necessary for CD59 to interact with C8α and C9, yet the binding sites for CD59 on these three proteins exhibit no similarity (Wickham et al. 2011) . Two additional CDCs, from Streptococcus tigurinus and Streptococcus pseudopneumoniae, are predicted to bind CD59 based on the presence of a conserved D4 motif identified in the known CD59-responsive CDCs listed above (Wickham et al. 2011 ). Interestingly, despite interaction with CD59, all three of the CD59-responsive CDCs retain a dependence on cholesterol for pore formation. VLY and LLY are able to bind to cholesterolrich membranes in the absence of CD59, broadening their activity to include non-human cells, although lysis of non-human cells by VLY is approximately 100-fold less efficient than that of human cells (Zilnyte et al. 2015) . In contrast, ILY lacks the ability to bind cholesterol-rich membranes directly without the co-expression of CD59 on the cell (Giddings et al. 2004 ). Thus, the toxin is strictly specific for human cells. Nonetheless, pore formation by ILY is still cholesterol-dependent; the process of pre-pore to pore transition requires the disengagement of the CD59 receptor and so to maintain its interaction with the membrane during this critical transition, the interaction with cholesterol via the CRM is required (LaChapelle et al. 2009 ).
Both ILY and VLY have been crystallised in complex with a mutant of CD59, CD59D22A, and their structures reveal that binding to CD59 occurs in a comparable manner (Lawrence et al. 2016) . Both interact primarily with CD59 via the β-tongue of D4 (Fig. 3) , with backbone hydrogen bonds between the second strand of the β-hairpin in D4 and the last β strand in the CD59 structure, forming an extended β sheet between the two molecules. A further similarity is the amount of protein surface buried as a result of the interaction, being 680 and 682 Å 2 for the VLY and ILY complexes, respectively. Finer details, however, including the exact position of binding on the β tongue, location of CD59 in respect to the D4 β tongue and the orientation of particular CDC residues, and thus the nature of interactions involving these residues, differ between the two different CD59-binding CDCs.
The structures of ILY alone or complexed with CD59 displayed the UDP in a conformation strikingly different to that observed in non-CD59-dependent CDCs (Polekhina et al. 2005; Johnson et al. 2013; Lawrence et al. 2016) . While the ILY structure displays the UDP residue R495 pointing out into solution, other CDCs, including PFO, show the equivalent Y occupying the lectin-binding site. Key features of the structure are indicated, including the undecapeptide (UDP, shown as sticks), the cholesterol recognition motif (CRM, shown as spheres), the di-glycine motif that provides a pivot point during oligomerisation and pore formation (shown as orange spheres) and D3 residues mentioned in the text Y181, E183, F318 and K336 (shown as white sticks, unlabelled). The two transmembrane hairpins TMH1 and TMH2 are shown in their helical bundle state, coloured purple. Other labelled features are β-strands β1, β4 and β5 (discussed in the text) and the L2 and L3 loops of D4 arginine residue pointing towards the backbone of the L1 loop. Modelling suggested interaction between this residue and L1 ensures the correct conformation for cholesterol binding. CD59-responsive CDCs have a strictly conserved proline in the UDP motif instead of the tryptophan found in other CDCs. It is likely that this proline residue indirectly prevents cholesterol binding, thereby enhancing CD59 binding, by preventing the arginine residue interacting with L1.
Interestingly, two distinct conformations were observed to be adopted by the UDP in the two unique molecules found in the crystal lattice of the VLY-CD59 complex; one correlates closely with that seen in the ILY-CD59 structure, the other conformation is not dissimilar to that observed in the non-CD59-responsive PFO. This observation may explain how VLY can initially bind to either CD59 or cholesterol as a receptor (Zilnyte et al. 2015) . 
Membrane carbohydrates as receptors for cholesterol-dependent cytolysins
A unique member of the CDC family is LLY, in that it shares characteristic CDC domains (D1-D4) but also possesses an additional N-terminal fucose-binding lectin domain (Farrand et al. 2008; Feil et al. 2012 ) termed domain 0 (D0, Fig. 2 ). Characterisation of LLY revealed a unique recognition for the difucosylated glycans Lewis b (Leb) and Lewis y (Ley), found respectively on blood cells and some epithelial cells, in particular those of a cancerous phenotype (Farrand et al. 2008 ). The molecular basis of this recognition was determined via Xray crystal structures of the lectin domain in complex with Lfucose, Leb and Ley (Feil et al. 2012 ). It has also been proposed that the D4 domains of a further two CDCs may bind sugars found on red blood cells: PLY to the blood antigen sialyl-Lewis X and SLO to the glycan lacto-N-neotetraosyl ceramide (Shewell et al. 2014) . 
Prepore complex assembly
Formation of a functional membrane-inserted pore requires that the TMH regions 1 and 2 disengage from the rest of the CDC molecule, unfurl to form β-strands that insert into membranes to form the β-barrel pore. In the monomer, the TMH regions are part of D3 and are stabilised by their interactions with D2 (Fig. 2) . Furthermore, the membrane-bound monomer places the TMH regions approximately 40 Å above the membrane (Fig. 1) . This means that to insert into membranes, the TMH regions need to move a significant distance towards the membrane plane. CDCs therefore pass through several intermediate stages accompanied by structural rearrangements when transitioning from a soluble monomer to membraneinserted pore complex. Binding to the membrane via D4 initiates pore formation by mediating distal structural changes that enable CDC oligomerisation (Ramachandran et al. 2004; Soltani et al. 2007a; Dowd et al. 2012 ). An analysis of different conformational states of PFO by X-ray crystallography suggests that membrane binding leads to a movement of D4 around a central β-sheet in D2. This in turn causes D2 to bend in such a way that most of the contacts between D2 and D3 are lost, thus allowing D3 to move away from the rest of the molecule (Rossjohn et al. 2007) . Initial interactions between monomers are transient and weak, but progress in a synergistic manner. The crystal structures of ILY, LLO, and PLY (see Table 1 ) reveal a linear arrangement of protein molecules in the crystal lattice and provide some insight into the potential arrangement of CDCs in the early stages of oligomerisation. A similar linear arrangement was observed by electron microscopy for a PFO mutant where W165 was replaced by non-aromatic residues (Hotze and Tweten 2012) and likely represents an early transient stage in pore complex assembly. Inspection of the proposed monomer-monomer interface revealed shape and charge complementarity, suggesting the interface contributes to the stability of the assembled oligomers by excluding water (Marshall et al. 2015) . It is also likely that electrostatic interactions between residues at the monomer-monomer interface play a key role in oligomer stability (Lawrence et al. 2015) . The same study, comparing ILY, LLO and PLY, showed a progressive increase in both the number of contacts as well as the buried surface area at the monomer-monomer interface, confirming further the synergistic nature of monomer-monomer interactions. Given that the residues at the monomer-monomer interface are conserved among the different CDCs, this initial mode of contact is likely to be conserved among CDCs (Marshall et al. 2015) .
Initial monomer-monomer interactions are followed by more stable interactions between adjacent CDCs that places each monomer in the correct geometry with respect to each other and commits the oligomers to form a complete, circular pre-pore structure on the membrane surface. D4 binding to cholesterol containing membranes facilitates changes in the monomer such that the β5 strand in D3 moves away from β4 around the diglycine linker (G324-G325), opening up β4 Fig. 3 Diagrammatic representation of the structures of the a VLY-CD59 and b ILY-CD59 complexes. The proteins are shown as cartoons coloured by domain with D1 cyan, D2 yellow, D3 green and D4 blue for the CDC and CD59 in grey. Hydrogen bonds identified between CD59 and the associated CDC are shown as dashed red lines. The β-tongue, UDP, conserved UDP arginine and unusual UDP proline are labelled. The structures were oriented after being superimposed on the CD59 molecules to emphasise the position of the D4 β-tongue interaction with CD59 to interact with β1 from the adjacent molecule (Fig. 2) . The interaction between β4 and β1 in turn opens up β4 in the second molecule to bind a third. These movements within D3 helps establish a π-stacking interaction between Y181 in β1 and F318 in β4, which has been hypothesised to stabilise the growing oligomer by locking β4 and β1 in position. At this point, CDCs are committed to the pre-pore state in a nonreversible manner (Ramachandran et al. 2004; Hotze and Tweten 2012) .
The pre-pore structure is characterised by a circular ring made up of 34-37 monomers that surround an intact lipid membrane (Ramachandran et al. 2004; Dang et al. 2005; Tilley et al. 2005; van Pee et al. 2016; van Pee et al. 2017) (Table 3 ). Atomic force microscopy (AFM) experiments have shown that pre-pore complexes resembling arcs and incomplete rings also exist in PLY (Sonnen et al. 2014) , LLO (Koster et al. 2014; Mulvihill et al. 2015; Podobnik et al. 2015; Ruan et al. 2016) , SLO (Bhakdi et al. 1985) and SLY (Leung et al. 2014 ) (arcs and incomplete rings are discussed further in a section below). The pre-pore complexes have been shown to extend 110-120 Å above the surface of the membrane by AFM (Czajkowsky et al. 2004; Leung et al. 2014; Podobnik et al. 2015; Ruan et al. 2016; van Pee et al. 2016) , consistent with more recent Cryo-ET data for the pre-pore complex (van Pee et al. 2017) , and with the crystal structures of the linear oligomers of PLY (Lawrence et al. 2015; Marshall et al. 2015; van Pee et al. 2016) . AFM of PFO (Czajkowsky et al. 2004) , PLY (van Pee et al. 2016) , SLY (Leung et al. 2014) , cryo-electron tomography (Cryo-ET) on PLY (van Pee et al. 2017) and single particle cryo-EM of PLY (Tilley et al. 2005) and SLY (Leung et al. 2014) show that prepore complex assembly, whether as complete rings, incomplete rings or arcs, precedes pore formation in agreement with previous biochemical evidence (Hotze and Tweten 2012) .
The transition from the prepore to a pore complex Pre-pore to pore transitions require the disengagement of D3 from the D1,2 interface, the collapse of the prepore complex by 40 Å and the unfurling of the α-helices in TMH1 and TMH2 into β-strands followed by their insertion into membranes. In the case of CDCs such as PFO and SLO, the rearrangement of the β-strands in D3 and the associated tilt of the molecule with respect to the plane of the membrane positions residues E183 and K336, on adjacent monomers, into close proximity. This enables the spontaneous formation of a strong Leung et al. (2014) salt bridge between the two residues, drawing the two strands β1 and β4 closer. This movement in turn pulls α-helices that form TMH1 away from the D1,2 interface. Formation of the salt bridge is exothermic and provides the energy required to transition from a pre-pore to pore . In the case of PLY and related CDCs, K336 is replaced by a glycine residue. Given that the residues required for the π-stacking interaction are also absent in these CDCs, it is likely that the D3-D1,2 interface is disrupted via a different mechanism. The crystal structure of PLY showed that D2 was more flexible suggesting that these CDCs have a smaller energy barrier to overcome than PFO when transitioning from pre-pore to pore (Lawrence et al. 2015) . The significant reduction in height from 110 to 80 Å for the protein above the membrane surface observed during pre-pore to pore transition (Czajkowsky et al. 2004; Ramachandran et al. 2005; Leung et al. 2014; Reboul et al. 2014; van Pee et al. 2016 van Pee et al. , 2017 brings the TMH helices sufficiently close to the membrane so that when they unfurl and insert, they span the width of the membrane. Initial experiments suggested that this was accomplished by the bending of D2 (Tilley et al. 2005 ). However, molecular dynamic studies (Reboul et al. 2014 ) and cryo-EM microscopy experiments on PLY (van Pee et al. 2017) and SLY (Leung et al. 2014) reveal that the decrease in height is due to the rotation of D2 by 90°towards the plane of the membrane, around a flexible glycine linker between D2 and D4. Given that D2 connects D4 with the rest of the molecule, this movement results in the placement of D1 and D3 closer to the membrane surface. It is likely that at this stage, the TMH helices are in a partially unfolded state (Sato et al. 2013) . Time lapse AFM experiments also identified a transient late pre-pore phase where D2 had collapsed but the TMH regions had not yet inserted into the membrane bilayer (van Pee et al. 2016) .
The final stage of pore formation is the insertion of the TMH regions into the membrane, although the molecular details of the sequence of events is not entirely clear, i.e. is the β-barrel assembled prior to membrane insertion or upon membrane insertion? A mechanism whereby the initial unfurling of a single TMH region triggers the unfurling of neighbouring TMH regions has been suggested (van Pee et al. 2017) . Upon membrane insertion, the four helices that constitute the TMH1 and TMH2 regions unfurl to form four β-strands that insert into the membrane at a 20°in-cline from the central axis of the pore to form the β-barrel (Sato et al. 2013; Leung et al. 2014; van Pee et al. 2017) . The membrane-inserted region of the pore has a hydrophobic side that faces membrane lipids while the opposite side is hydrophilic, consisting of a central negatively charged patch made up of Asp and Glu residues, flanked above and below by positively charged residues. Interestingly, a previously uncharacterised α-barrel that lines the inside of the β-barrel pore was also observed in the pore complex structure by cryo-EM (van Pee et al. 2017) . This is formed by the rearrangement of the β5 strand, and an adjacent loop in D3, into a helix-turn-helix motif. Another notable feature in the pore complex was the reduced distance between neighbouring D4 domains in comparison to the linear PLY oligomers. Hydrogen bonds, surface and charge complementarity between adjacent monomers, and ionic interactions between adjacent membrane-inserted β-strands, stabilise the pore structure. The final stage of pore formation is the elimination of the lipid bilayer from within the pore complex. It has been hypothesised that the charged residues that line the inside of the membrane pore repel the hydrophobic lipids and likely displace them away from the forming pore into the rest of the membrane (van Pee et al. 2017) , whereas others have suggested that the lipid is lost as a micelle or small vesicle (Bonev et al. 2001; Leung et al. 2014 ).
Arcs and incomplete rings
Although CDCs form complete ring-like pre-pore and pore structures (Czajkowsky et al. 2004; Tilley et al. 2005; van Pee et al. 2016 van Pee et al. , 2017 , CDCs including SLO (Bhakdi et al. 1985) , PLY (Sonnen et al. 2014) , SLY (Leung et al. 2014 ) and LLO (Koster et al. 2014; Mulvihill et al. 2015; Podobnik et al. 2015; Ruan et al. 2016 ) have also been shown to form arcs, slits and incomplete rings. These structures are able to fuse to form larger rings or interlocked arcs and can apparently insert into membranes to form pores of varying size and morphology (Leung et al. 2014; Mulvihill et al. 2015) . In some instances, arcs and incomplete rings have been associated with mutant forms of CDCs as in the case of certain PLY and PFO mutants (Hotze and Tweten 2012; van Pee et al. 2016) . In other instances, arcs and incomplete ring structures in PFO and PLY did not appear to insert as efficiently into membranes as normal ring-shaped pre-pores, with only a small proportion becoming membrane spanning (Hotze and Tweten 2012; Sonnen et al. 2014) .
The physiological significance of arcs and rings is a subject of much debate. The propensity for CDCs to form arcs and incomplete rings may be a consequence of experimental conditions (e.g. protein concentration, lipid environment, incubation time and temperature) or in response to particular molecular cues (Leung et al. 2014; Podobnik et al. 2015; Gilbert and Sonnen 2016; Ruan et al. 2016) . It could also be a specialisation of certain CDCs such as LLO, which has been implicated in a variety of different cellular roles such as activating hostsignalling pathways, histone modifications and promoting protein degradation (Osborne and Brumell 2017) ; these atypical roles may not require the formation of large circular pores. Further experimental data needs to be obtained before a conclusion on the physiological role of these CDC structures can be made.
Future research directions and applications
Since 1997, when the first structure of a CDC was determined (Rossjohn et al. 1997 ), a wealth of additional structural and biological data have been revealed regarding CDC function. However, there are details still missing from our understanding. The process of assembly from membrane-anchored monomers to oligomers and hence to pre-pores is only clear in broad terms; the molecular level detail is yet to be determined. Similarly, the trigger that converts a pre-pore assembly into a final trans-membrane pore is unknown, as is the basis by which D4 recognition of cholesterol controls the activity of CDCs that bind to membranes via CD59, independently of cholesterol. The application of techniques such as cryo-ET and cryo-EM, as well as large-scale molecular dynamics simulations, promises to address many of these questions.
Our understanding of CDC structure-function, while imperfect, is still good enough to allow some technological applications of CDCs. Exploiting the specificity of D4-membrane interaction to the presence of cholesterol allowed the development of cholesterol biosensors (Liu et al. 2014 (Liu et al. , 2017 . A series of site-specific mutations in the loops of these fluorescent PFO D4-based biosensors tuned their cholesterol requirements to allow optimal binding at cholesterol levels ranging from the base 48% of wild-type PFO down to 3% (Liu et al. 2017) . These biosensors can be used in live cells to follow relative cholesterol concentrations of both leaflets of cellular membranes in real time. Mutagenesis of another CDC, LLO, allowed the modification of its sensitivity to pH, producing a toxin that could be specifically activated by the introduction of a slightly acidic buffer (Kisovec et al. 2017) . Further technological uses for this fascinating class of molecular machines are sure to be developed as our insight into their mechanism of action continues to mature.
